Coccidioides immitis and Coccidioides posadasii are soil fungi endemic to desert regions of the southwestern United States, and the causative agents of valley fever, or coccidioidomycosis. Studies have shown that the distribution of Coccidioides in soils is sporadic and cannot be explained by soil characteristics alone, suggesting that biotic and other abiotic factors should be examined. However, tools to reliably and robustly screen the large number of soils needed to investigate these potential associations have not been available. Thus, we developed a real-time polymerase chain reaction (PCR) assay for testing environmental samples by modifying CocciDx, an assay validated for testing clinical specimens to facilitate coccidioidomycosis diagnosis. For this study, we collected soil samples from previously established locations of C. posadasii in Arizona and new locations in fall 2013 and spring 2014, and screened the extracted DNA with the new assay known as CocciEnv. To verify the presence of Coccidioides in soil using an alternate method, we employed next generation amplicon sequencing targeting the ITS2 region. Results show our modified assay, CocciEnv, is a rapid and robust method for detecting Coccidioides DNA in complex environmental samples. The ability to test a large number of soils for the presence of Coccidioides is a much-needed tool in the understanding of the ecology of the organism and epidemiology of the disease and will greatly improve our understanding of this human pathogen.
Introduction
Coccidioides posadasii and Coccidioides immitis are species of soil fungi endemic to arid regions of the Americas, and both cause valley fever, or coccidioidomycosis, a potential threat to the health of residents of the arid West. [1] [2] [3] [4] Our current knowledge suggests that in Arizona, Mexico, Texas, and Central and South America, this disease is caused by C. posadasii, whereas in the Central Valley of California and as far north as eastern Washington State the disease is caused by C. immitis. 5, 6 Valley fever starts with inhalation of Coccidioides conidia from the environment, yet very little is known about the prevalence of the organism and factors associated with high levels of Coccidioides in the environment. Previously, cultures of C. posadasii, obtained from soils in Tucson, Arizona, showed the distribution of Coccidioides is sporadic and not explained by soil characteristics alone, suggesting a potential role of biotic or other factors in the distribution of the organism in the environment. 7 As soil disturbance is highly correlated with coccidioidomycosis, 8 our knowledge of Coccidioides ecology must grow in order to protect public health. Current culture-based methods of environmental Coccidioides detection rely on standard media plate methods to grow the fungus directly from soils, or passage of soil solutions in mice susceptible to coccidioidomycosis and retrieval of viable culture from infected tissue. 5, 7, [9] [10] [11] [12] [13] Both methods have limitations and are cost and labor intensive. Direct culture requires a large number of plates, which is a complicated task in the confines of a biosafety level 3 (BSL3) laboratory, and generally results in low yields of Coccidioides. 14 The rapid overgrowth of other fungi that outcompetes Coccidioides is frequently stated as the main drawback to this method. 7, 14 Mouse passage requires the presence of infectious arthroconidia, which only form at certain times of the Coccidioides life cycle, resulting in low success rates. Additionally, this method detects only strains pathogenic to the mice. If nonpathogenic strains exist, mouse passage will not indicate the true distribution of the organism in the environment. Molecular based assays have been proposed as useful methods to screen soils for the presence of Coccidioides. 5, 7 Several groups have developed nested PCR applications, targeting the multi-copy internal transcribed spacer (ITS) region common to many fungal species. [14] [15] [16] The methodology employs amplification of a conserved region flanking the variable ITS and uses the PCR product as the template for a second, more stringent PCR targeting a Coccidioidesspecific region, followed by sequencing of the final product. However, the resulting sequence is frequently found to have low or no homology to Coccidioides. 15 Additionally, PCR involving the manipulation and further amplification of amplicon DNA is prone to contamination and false positives. 17, 18 To improve this process, we developed a TaqMan PCR assay that is highly sensitive and specific to Coccidioides. The assay, CocciEnv, is based on the CocciDx assay, which has been validated 19 and recently received FDA clearance (https://www.accessdata.fda.gov/ scripts/cdrh/cfdocs/cfpmn/denovo.cfm?ID=DEN170041) as a coccidioidomycosis diagnostic assay. 19 CocciDx has been used for limited soil and air analyses 5, 20 ; however, additional investigation of the assay and the target for environmental application was needed, and we therefore conducted this study. The assay targets a repetitive region of DNA known only in the Coccidioides genus. This method employs a sensitive and specific amplification that can provide results in a few hours after extraction of DNA. In order to further increase assay sensitivity for soil microbe detection, we increased the number of the target alleles captured by the assay, based on newly sequenced isolates of Coccidioides, and validated its use for environmental screening. We propose this as a robust method to detect Coccidioides DNA in environmental samples and as an indispensable tool for understanding the ecology of this understudied pathogen.
Methods

Site description and soil sampling
Soil sampling occurred in September-October, and the following April when the fungus is thought to be actively growing in the soil. [21] [22] [23] Several areas in Tucson that were previously identified as culture-positive for Coccidioides 7 were sampled as potential positive controls. Additional soil samples in the fall of 2013 were collected from rodent burrows in Phoenix and Flagstaff areas for comparison ( Fig. 1 , Table S1 ). Samples were collected from each site as a composite by removing the surface soil and collecting and combining 2 cm to 10 cm depth layers in sample collection bags or sterile 50 ml conical tubes. Implements were decontaminated with 10% bleach and rinsed with distilled water between collections, and samples placed in Ziploc gallon bags and surface-decontaminated with 10% bleach for transport on dry ice and storage at 4 • C.
DNA extraction and preparation
For assay validation, genomic DNA from pure cultures of 562 Coccidioides collected from various clinical specimen types from several endemic regions was assayed ( specificity screening (Table S3) . DNA was extracted from the latter isolates using the DNeasy Blood and Tissue Kit (Qiagen) with lytic enzymes appropriate for the species. For soil samples, cell lysis and DNA extraction was conducted using the PowerSoil R DNA Isolation Kit (MO BIO).
For each soil sample, DNA was separately extracted from 1 g of soil taken from two to four different sections of the collection bag to test reproducibility. (These replicates are labeled A, B, C, or D in Table S1 .). Extractions were carried out according to manufacturer's instructions, with one exception: the FastPrep-24 Instrument at 6.5 m/s for 60 s (MP Biomedicals, Santa Ana, CA, USA) was used to bead-beat the sample. DNA was quantified using a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA) and diluted to a standard concentration of 100 ng/μl for PCR assays.
Real-time PCR assay development and screening
The real-time PCR assay, CocciDx (Table 1) , was developed by the Translational Genomics Research Institute (TGen). 5 The CocciDx target was identified by surveying for repeat regions among Coccidioides genomes (http:// www.broadinstitute.org/scientific-community/science /projects/fungal-genome-initiative/coccidioides-genomes, sequence data now available as Genbank BioProject PRJNA46299. Repeat regions were first identified in the C. immitis RS genome by a pairwise BLAST of the genome against itself, using a word size of 50 and a minimum aligned length of 50 bp with 90% sequence identity, then determining which queries hit at multiple loci. These candidate repeat sequences were checked in silico for ubiquity among Coccidioides genomes and for specificity to Coccidioides by BLAST of the NCBI nucleotide database. One candidate sequence was selected based on its high number of repeats, sensitivity, and specificity. In the NCBI database, the sequence is annotated as a copia-like retrotransposon. Alleles of the repeated region were aligned using SeqMan (DNAStar) and an assay was designed to conserved regions using Primer Express R 3.0 (ThermoFisher Scientific).
After in silico development, sensitivity, specificity, and limits of detection of the CocciDx assay were characterized. 19 The assay was optimized on the 7900HT Real-Time PCR System (ThermoFisher Scientific). Each 10 μl reaction mixture contained 1X PerfeCTa qPCR FastMix II (Quanta Biosciences, Beverly, MA, USA), assay concentrations outlined in Table 1 (Table S2) . To validate specificity, the assay was screened across a panel of DNA from various species including human, other fungal pathogens, one genetic neighbor, and several bacterial pathogens that may cause similar clinical presentation to coccidioidomycosis (Table S3 ). For limit of detection experiments a synthesized plasmid control containing one copy of the CocciDx target (Blue Heron Biotech, LLC, Tobermory, ON) was used. In order to precisely quantify copy numbers of the plasmid, serial dilutions of the plasmid, including dilutions down to extinction, were run on a real-time PCR assay that targets the β-lactamase gene present in the plasmids (Fig. S1 ). Using the Poisson distribution, plasmid copy number was calculated based on the observed number of amplification events of the lowest dilutions of the plasmid. To determine the limit of detection of CocciDx, 20 replicates of serial dilutions of the quantified plasmid control were screened to determine the lowest number of target copies that resulted in 95% positive results. The process was repeated in 60 replicates for confirmation.
With the recent deposition of new Coccidioides genome sequences in public databases, 24 we hypothesized that we could improve the analytical sensitivity of the assay by adding primers to capture more variants of the CocciDx target. Using a local BLAST database of the available Coccidioides genomes, we queried for hits with 100% identity to and 100% coverage of the CocciDx Taqman probe sequence. For each hit, we extracted the probe region and flanking sequence and aligned them. We designed 29 new primers to increase the number of alleles of the target captured by the assay (Table 1) , and refer to the new environmental sample assay as CocciEnv. The total number of different alleles and copy numbers of the CocciEnv target in Coccidioides genomes were estimated bioinformatically (Fig. 2) . The new assay was run using the same conditions as for CocciDx, with modifications only to primer concentrations (Table 1) .
CocciEnv was subject to a more concise validation than for CocciDx given the extensive validation of CocciDx but included sensitivity and specificity screening across a subset of the DNAs mentioned above, along with DNA from four additional Onygenales species: Amauroascus mutatus ATCC R 90275, Amauroascus niger ATCC R 22339, Byssoonygena ceratinophila ATCC R 64724, and Chrysosporium queenslandicum ATCC R 4404 (Table S3) . Additionally, CocciDx and CocciEnv were tested by using genomic DNA (not whole genome-amplified) from 23 Coccidioides isolates.
CocciEnv was run on soil DNA using the 7900HT RealTime PCR System (ThermoFisher Scientific). Each 20 μl reaction contained 1 × PerfeCTa qPCR ToughMix (Quanta Biosciences) with 100 ng total DNA template and assay concentrations outlined in Table 1 , with the following thermocycling conditions: initial denaturation for 10 min at 95
• C followed by 40 cycles of 15 s at 95
• C and 1 min at 60
• C. All reactions were set up in a PCR cabinet to prevent contamination, and three technical replicates were run for each DNA sample. A reaction was considered positive if it showed logarithmic amplification, produced a C T value of <40, and all controls performed as expected.
PCR validation of fungal genomic targets in soil
To confirm that soil DNA samples contained fungal DNA and were amenable to PCR, each was screened for fungal DNA using primers ITS1 and ITS4 targeting the ribosomal RNA operon. 25 Each 50 If bands were not present for a sample, it was not processed further, and DNA was re-extracted from that soil sample. Samples positive for fungal DNA were screened with CocciEnv, as well as by ITS2 amplicon sequencing (see below).
Validation of target amplification in soil DNA samples
As soil is a complex sample, Sanger sequencing was employed to confirm the presence of the assay target when detected in a soil sample. PCR was run in 20 μl reactions that included 100 nM of each primer CocciDx F3 and CocciDx R4 (Table 1) , 2 ng DNA template, and Taq DNA polymerase (ThermoFisher Scientific). Thermocycling conditions consisted of an initial denaturation of 10 min at 95
• C followed by 40 cycles of 1 min at 94 • C, 30 s at 60
• C, and 1 min at 72
• C, and a final extension of 10 min at 72 • C. PCR products were cleaned using ExoSAP-IT TM (Affymetrix, Santa Clara, CA, USA), and sequenced using the above PCR primers with BigDye R Terminator v3.1 chemistry (ThermoFisher Scientific). Reaction products were analyzed on a 3130xl automated genetic analyzer (ThermoFisher Scientific). Sequencing reaction results were assembled in Seqman (DNAStar).
ITS2 amplicon sequencing
The ITS2 region in fungal PCR-positive soil samples was amplified in triplicate using published primers. 26 Replicate reactions were pooled for indexing. Index PCR conditions and reagents were the same as above except for the indexing primers and 15 PCR cycles were performed. Indexed products were bead-purified, 27 quantified with PicoGreen R fluorescence (ThermoFisher Scientific), and pooled to equimolar concentrations. The final pool was bead-purified and quantified by qPCR using Library Quantification Kit, Illumina/ABI Prism (KAPA Biosystems) and sequenced in 2 × 250 mode on the MiSeq platform (Illumina). We analyzed amplicon sequencing results using the TGen-developed bioinformatic tool, ASAP.
28,29 ASAP links together several bioinformatic programs with parameters set for customized sequencing analysis and results generation. In this case, ASAP first merged sequence read pairs with PEAR. 30 The reads were then trimmed of Illumina adapter (ligated during the sample library preparation process) and further trimmed based on sequence quality with Trimmomatic. 31 Specifically, a 5 bp sliding window across the read checked for average Phred scores below 20. Any windows that fit that criterion were removed. The full ITS2 C. posadasii reference sequence was obtained from the NCBI database (Genbank accession number KF539879) and trimmed to the expected amplicon size (334 bp) to serve as the reference sequence for the first round of ASAP. Trimmed, merged reads were then mapped to the reference sequence with the bowtie2 aligner. 32 Binary alignment map (BAM) files, generated by the aligner (one generated for each sample), were analyzed to determine the breadth and depth of coverage of the reference and identity to the reference. Thresholds to identify whether a sample was positive or negative were set at 100% breadth at 1 × depth of coverage at ≥97% identity (i.e., the full length of the 334 bp ITS2 reference sequence had to have a pair-merged read align with 10 or fewer single-nucleotide polymorphisms [SNPs] ). This identity threshold was set according to the lowest identity of all known Coccidioides ITS2 sequences in the NCBI nucleotide database. Tablet 33 was used to verify results. Upon analysis with ASAP, several samples were found for which reads aligned to the C. posadasii ITS2 amplicon reference that did not pass the 97% identity filter. To determine what other organisms might be the source of these sequences, any reads that aligned to the ITS2 reference that didn't meet the 97% identity, 100% breadth criteria were binned for analysis. A BLAST analysis of these reads showed hits to several other fungal species. These sequences were added as references for ASAP to determine if CocciEnv could be cross-reacting with other fungal species.
Results
CocciDx and CocciEnv assay validation and comparison
The WGA DNA samples from all 562 unique isolates of Coccidioides (Table S2) were positive on the CocciDx assay (real-time PCR Ct values were all < 35.0) and all DNA samples from various other species (Table S3) were negative (Ct values were all > 40.0), illustrating 100% sensitivity and 100% specificity. These data reflect the recently published CocciDx clinical validation data, in which sensitivity was 100% and specificity between 93.8% and 100% for DNA extracted from clinical specimens run on the Gene-STAT instrument (DxNA, LLC). 19 Using a serial dilution of a precisely quantified synthetic plasmid standard (Blue Heron Biotech, LLC), the CocciDx assay limit of detection was determined to be 15 target copies/reaction and the linear range was between 10 8 and 10 1 copies/reaction (Fig. S1 ).
On the CocciEnv assay, 45 out of the 45 Coccidioides WGA DNA samples tested were positive (Ct values < 35.0), and all 28 of the nontarget DNA samples, which included the Onygenales family members (Table S3) , were negative (Ct value > 40.0). A comparison of CocciEnv and CocciDx showed that the CocciEnv assay resulted in an average of 1.8 (range of 1.6 to 2.1) Ct values earlier than those from the CocciDx assay when screened on the same genomic DNA, inferring a limit of detection three to over fourfold lower than that of CocciDx.
Genomes from 84 Coccidioides isolates were bioinformatically screened to determine the number of perfect matches to each assay that would result in the expected PCR product. Collectively in all 84 genomes, target alleles that were a perfect match to the CocciEnv assay were found a total of 4,614 times, which makes an average of ∼55 copies/genome, while the alleles that were a perfect match to CocciDx were found 471 times, an average of ∼6 copies/genome. Although the actual assays would likely capture additional alleles that are close, but not perfect, matches to the primer or probe sequences, thereby exhibiting sensitivity beyond what is described here, this was not further explored. The matches were dereplicated to determine the number of unique alleles that would be captured with a perfect match by each assay. CocciEnv captures 496 different alleles of the target, while CocciDx captures 91 different alleles (Fig. 2) .
CocciEnv soil screening
Soil DNA was tested with CocciEnv in triplicate technical replicates. Results were considered positive if two of the three replicates had Ct values <40. Four samples tested positive out of 73 screened. These four samples were biological replicates of one soil sample collected near an apparently unoccupied large rodent burrow (Table S1) , illustrating the reproducibility of both the DNA extraction and the CocciEnv assay.
ITS2 amplicon sequencing
Presumably, the vast majority of fungal species are not known, and soils have highly complex microorganism composition. We therefore set stringent parameters for determining the presence of Coccidioides in soil by ITS2 amplicon sequencing. The number of pair-merged reads that matched the Coccidioides ITS2 region reference sequence at ≥97% identity is shown in Table S1 . Of the 50 soil samples tested, eight had one or more reads positive for Coccidioides (≥97% identity, Table S1 , Table 2 ). Four of these are the four that tested positive by CocciEnv. Unfortunately, we did not have enough material to screen CocciEnv on three of the four other ITS2-positive samples ( Table 2 ). The last sample had one read align and tested negative on CocciEnv.
We also identified by BLAST the closest species match to each pair-merged read that aligned to the C. posadasii ITS2 reference that did not pass the 97% identity threshold. The top BLAST hit for each was one of the following: Chrysosporium keratinophilum, Chrysosporium tropicum, Aphanoascus verrucosus, Aphanoascus canadensis, Uncinocarpus reesi, Uncinocarpus queenslandicus, Arthroderma multifidum, Castanedomycs australiensis, or C. posadasii (at <97% identity). The ITS2 sequences from these species were added to ASAP as references and results from this analysis are shown in Table S1 . In 12 cases, the best hit of the reads was C. posadasii, at <97% identity, which could be indicative of an unknown Coccidioides ITS2 sequence or an unknown species. Seven of these 12 samples also had reads pass the 97% identity filter for C. posadasii, so were considered positive, suggesting the presence of unknown Coccidioides ITS2 sequences. Four of these seven tested positive on CocciEnv, while the other three were not tested. The five samples that did not have additional reads pass the identity filter tested negative on CocciEnv, suggesting the presence of a yet unknown fungal species (Table S1 ).
Discussion
Characterizing the natural reservoirs of Coccidioides is necessary for coccidioidomycosis epidemiology and public health protection. Unfortunately, a paucity of data exists to address this. 34 It is understood that Coccidioides has a sporadic, unpredictable distribution in the environment. 35 Because exposure of a susceptible host to arthroconidia often leads to infection, understanding the environmental Table S1 .
97% sequence identity is a common cutoff for species assignment for fungal metagenomics. Tucson  Negative  0  31  T2-4b  Tucson  Negative  0  12  T2-4c  Tucson  Negative  0  36  T2-4d  Tucson  Negative  0  7  T2-5a  Tucson  Negative  0  17  T2-5b  Tucson  Negative  0  10  T2-5c  Tucson  Negative  0  6  T2-5b  Tucson  Negative  0  13  T2-6a  Tucson  Negative  0  1  T2-10a  Tucson  Negative  0  12  T2-10b  Tucson  Negative  0  12  T2-10c  Tucson  Negative  0  11  T2-10d  Tucson  Negative  0  10 reservoir is critical to quantifying the risk of exposure. In fact, a recent study linked rising coccidioidomycosis cases with land use-induced soil disturbances in Antelope Valley in California. 8 With the development of a rapid, inexpensive, and high-performance screening tool, many ecological questions become answerable regarding favorable and unfavorable biotic and abiotic factors, mechanisms of dispersal, seasonality, and locations and persistence of Coccidioides foci in the environment. Coccidioidomycosis is on the rise, and there are several nonexclusive phenomena that might be responsible; including population growth in endemic areas, increase of susceptible populations, heightened awareness of coccidioidomycosis, and increasing rates of exposure to arthroconidia through landscape disturbance. 8, 36 Our understanding of the contributions of each of these factors is lacking. 36 A sensitive and specific soil-screening tool would enable studies to elucidate the role that landscape disturbance plays in the incidence of coccidioidomycosis. Additionally, such a screening tool would inform regulatory agencies in endemic regions (e.g., environmental, occupational health, corrections, and public health agencies) of risk of exposure to workers and communities within the vicinity of any proposed project where there is the potential for soil disturbance and dust, and inform remediation efforts. A recent epidemiological investigation of coccidioidomycosis outbreaks in prisons in California's Central Valley did not identify an association of coccidioidomycosis with outdoor activities. 37 Comprehensive soil surveys could pinpoint hotspots of Coccidioides, and be highly informative for investigations such as this, and direct effective mitigation practices. CocciEnv and its clinical diagnostic counterpart CocciDx are rapid, straightforward, highly sensitive, and inexpensive assays to detect Coccidioides DNA in environmental and clinical samples, respectively. 38 CocciDx recently received FDA clearance as a coccidioidomycosis diagnostic test (https://www.tgen.org/news/2017/december/06/tgentechnology-results-in-new-fast-accurate-valley-fever-test/). CocciEnv, with slight differences from CocciDx in primer number and sequence, is designed to be more specific and sensitive than CocciDx making it especially suited for testing environmental samples. Of note, there were seven samples that contained several reads that matched the known Coccidioides ITS2 at ≥97% identity that also contained ITS2 sequences that did not pass the identity filter but whose top BLAST hits were C. posadasii. This may be evidence of a more genetically diverse population of Coccidioides than is currently described, or an as yet unknown Coccidioides-like fungus that cohabits with Coccidioides. The majority of sequences deposited in the NCBI database are clinical isolates, thus in-depth studies of Coccidioides soil isolates are necessary to determine if sequences detected might represent a nonpathogenic form of Coccidioides.
The identification of our highly-repeated assay target as a copia-like retrotransposon is not surprising. Retrotransposons replicate via RNA intermediates, which interact with a self-encoded integrase to integrate into the host genome, leaving the original template intact. In this way retrotransposons continuously increase in number. Eukaryotic genomes have numerous copies of some retrotransposons; the human genome contains more than a million copies of the alu retrotransposable element. 39 Thus, targeting a retrotransposon makes for a highly sensitive detection assay. We have targeted a portion of a retrotransposon in the Ty1/Copia superfamily, a superfamily originally defined in Saccharomyces cerevisiae and abundant throughout eukaryotic genomes. 40, 41 The copia-like element we target with CocciEnv is specific to Coccidioides, making an ideal assay for applications requiring maximum sensitivity while maintaining specificity. Heterogeneity among copies of a given copia-like retrotransposon can be significant, 40 as we show here in Coccidioides, and is the reason behind the numerous primers in the CocciEnv assay. The assay presented here addresses many of the limitations that have previously prevented needed fine-scale modeling of Coccidioides in the environment: the lack of a high throughput system to screen a large number of soils, the lack of sensitivity of microbiological methods, and the lack of reliable molecular tools. Additionally, CocciEnv obviates culture of Coccidioides, a BSL3 organism, and does not preclude the discovery of non-pathogenic strains, as mouse passage does. Our CocciEnv assay is sensitive and specific on the soils we tested, despite the fact that we did not find many positive soils. As the assay was designed using known fungal DNA sequence and validated with DNA from available fungal isolates, it is possible that we could detect unknown fungi resulting in false positive hits. Despite this, we promote the assay as a rapid and cost-effective screening tool to identify soils to more thoroughly investigate. For example, in the current study a majority of samples were negative for the two screening approaches, significantly reducing the number of samples that would be further processed using culture-based methods. Thus, the successful detection of Coccidioides with CocciEnv will be used as our screening method for future soil sample collections to identify novel sites for Coccidioides ecology research, recovery of viable organisms, and epidemiological information.
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